We analyze various contributions to neutrinoless double beta decay (0νββ) in a TeV-scale Left-Right Symmetric Model (LRSM) for type-I seesaw dominance. We find that the momentum-dependent effects due to W L − W R exchange (λ-diagram) and W L − W R mixing (η-diagram) could give dominant contributions to the 0νββ amplitude in a wide range of the LRSM parameter space. In particular, for a relatively large W L − W R mixing, the η-contribution by itself could saturate the current experimental limit on the 0νββ half-life, thereby providing stringent constraints on the relevant LRSM parameters, complementary to the indirect constraints derived from lepton flavor violating observables. In a simplified scenario parametrized by a single light-heavy neutrino mixing, the inclusion of the λ and η contributions leads to significantly improved 0νββ constraints on the light-heavy neutrino mixing as well as on the W L − W R mixing parameters. We also present a concrete TeV-scale LRSM setup, where the mixing effects are manifestly enhanced, and discuss the interplay between 0νββ, lepton flavor violation and electric dipole moment constraints.
I. INTRODUCTION
The process of neutrinoless double beta decay (0νββ):
− , if observed, would be an unambiguous evidence of lepton number violation (LNV), thus confirming the Majorana nature of neutrinos [1] . In addition, it can possibly shed light on some of the yet unresolved issues in neutrino physics, such as the absolute neutrino mass scale, the mass hierarchy, and the origin of tiny neutrino masses; for reviews, see e.g. [2] . The current lower limit on the 0νββ half-life in various nuclei, most notably in 136 Xe by KamLAND-Zen [3] and in 76 Ge by GERDA-I [4] , can be saturated by the canonical light neutrino contribution [5] only in the quasi-degenerate region with masses m 1 m 2 m 3 > ∼ 0.1 eV; for a recent analysis with the updated nuclear matrix elements (NMEs), see [6] . This is, however, in conflict with the most stringent upper limit on the sum of light neutrino masses, i m i < 0.23 eV at 95% confidence level (CL), obtained from Planck data [7] . Hence, any evidence of a positive signal in the upcoming 0νββ experiments [8] , 1 could indicate a new physics contribution to this rare LNV process.
One of the simplest paradigms for understanding the observed smallness of neutrino masses is the type-I seesaw mechanism [10] [11] [12] , where SM-singlet heavy Majorana neutrinos are introduced.
If sufficiently light ( < ∼ 10 TeV), they can give a significant contribution to 0νββ through their mixing with the active neutrinos [13] [14] [15] [16] . However, in the simplest scenario, which we will call the 'SM seesaw', there are no guidelines either for the mass scale of the heavy neutrinos or the light-heavy neutrino mixing, and these quantities have to be set 'by hand' in an adhoc manner. An attractive theoretical framework, which provides a natural setting for the seesaw mechanism, is the Left-Right Symmetric Model (LRSM), based on the gauge group SU (2) L ×SU (2) R ×U (1) B−L [17] .
In this model, the SM-singlet neutrino fields are inducted as the necessary parity gauge partners, i.e. the right-handed (RH) counterparts, of the corresponding left-handed (LH) neutrino fields, whereas the seesaw scale is intimately connected to the SU (2) R × U (1) B−L -breaking scale. The LRSM can naturally explain the small neutrino masses through either type-I seesaw via the RH neutrinos [10, 11] or type-II seesaw via SU (2)-triplet scalars [18, 19] or both [12] .
In LRSM, there are several new contributions to 0νββ, involving RH neutrinos and RH gauge 1 The only claimed observation of 0νββ so far [9] is in direct conflict with the GERDA-I results [4] and is also incompatible with the KamLAND-Zen results [3] for most of the NME calculations [6] .
bosons [11, 19] , Higgs triplets [20] , as well as mixed LH-RH contributions [21] (for some recent studies, see e.g. [22] [23] [24] ). A general analysis of 0νββ in the LRSM including all the diagrams is rather complicated. For a simplified case with type-II seesaw dominance, the light-heavy neutrino mixing is negligible, and the light neutrino mass matrix is directly proportional to the heavy neutrino mass matrix, with the constant of proportionality given by the ratio of the LH and RH triplet-scalar vacuum expectation values (VEVs). In this case, the dominant new contribution to the 0νββ process comes from the diagram with purely RH currents involving the heavy gauge boson W R and the heavy neutrinos [25] . The current limit on the half-life of 0νββ can be saturated by this new contribution alone, which however puts a lower limit on the lightest neutrino mass [6] , as long as the heavy neutrino masses in the LRSM are well above the typical momentum exchange scale ∼ 100 MeV. In addition, 0νββ also provides constraints on the RH gauge boson and heavy neutrino masses [6, 26, 27] , which are complementary to the limits obtained from direct searches at the LHC [28] , from low-energy lepton flavor violating (LFV) observables [23, 27] , as well as from hadronic flavor and CP violating effects [29, 30] .
For the case of type-I seesaw dominance, the light neutrino mass matrix is dominantly generated by the Dirac mass matrix M D and the RH neutrino mass matrix M R through the usual seesaw formula:
In this case, there are additional contributions to 0νββ, that involve the light-heavy neutrino
R . In the canonical seesaw, the observed smallness of light neutrino masses puts severe constraints on this mixing parameter. For instance, for a TeV-scale RH neutrino mass, the mixing angle is required to be < ∼ O(10 −6 ), in order to reproduce the sub-eV scale active neutrino masses. However, in the presence of cancellations in the matrix structure on the RHS of Eq. 1, this constraint can be significantly relaxed, and the light neutrino oscillation data can be satisfied even with a larger value of θ [13, 14, 31] . This has potentially huge implications for the experimental tests of the SM seesaw at colliders [32] as well as in other low-energy experiments (for reviews, see e.g. [33] ).
A large light-heavy neutrino mixing is also possible in LRSM [34, 35] . In this case, there are further additional contributions to 0νββ, involving RH neutrino and/or RH gauge boson exchange, which could be significant [14, 22, 23, 36] . In particular, the mixed diagrams involving LH-RH currents and with final state electrons of opposite helicity, known as the λ and η diagrams, could be important [23, 24, 37] . Specifically, the η-contribution, which depends on the light-heavy neutrino mixing parameter θ as well as the LH-RH gauge boson mixing parameter ξ, can be sizable [35] as the NMEs for the η-diagram are roughly two orders of magnitude larger than those for the λ-diagram [38, 39] . As we will show in this paper, for a relatively larger value of ξ close to its current experimental upper bound, the η-diagram could give the dominant contribution to 0νββ. Note that experimentally, the different mechanisms for 0νββ in LRSM could be potentially discriminated by measuring the electron angular and energy distributions in the upcoming SuperNEMO experiment [40] . Moreover, a large light-heavy neutrino mixing in LRSM also gives an additional contribution to the like-sign dilepton signal [41] at the LHC: 42] , and also to the inverse 0νββ process [43] , thus enhancing the prospects of directly probing the seesaw mechanism at colliders.
In this paper, we carefully analyze all relevant contributions to 0νββ in the LRSM for type-I seesaw dominance. Specifically, we emphasize the importance of the λ and η contributions mentioned above and explicitly demonstrate that, for relatively large ξ values, the η-contribution by itself can saturate the current lower limit on the 0νββ half-life. Working within a simplified scenario, parametrized by a single RH neutrino mass scale M R and a single light-heavy neutrino mixing angle θ, we show that the constraints from 0νββ process including the λ and η contributions leads to an improved upper bound on the light-heavy neutrino mixing parameter in certain ranges of the parameter space. Comparing this model-independent bound with the complementary constraints from LFV observables, we find that, for a given value of ξ, the 0νββ constraint on θ could be the most stringent one. Using the current lower limits on the 0νββ half-life from GERDA and KamLand-Zen, we also derive an upper limit on the mixing parameter ξ, which is much stronger than the existing limit [44] in a wide range of the LRSM parameter space. Finally, we consider a concrete low-scale type-I seesaw scenario with large light-heavy neutrino mixing, and show the importance of the mixed contributions on 0νββ. We also study the interplay of 0νββ with the LFV and electric dipole moment predictions within this framework.
The paper is organized as follows: In Section II, we review the basic features of the minimal LRSM. The different contributions to the 0νββ amplitude in the type-I seesaw dominance are discussed in Section III. In Section IV, we consider a simplified case with a single light-heavy neutrino mixing parameter θ and derive improved upper limits on θ from 0νββ constraints. In addition, we also derive an improved upper limit on the LH-RH gauge boson mixing parameter ξ as a function of θ. In Section V, we discuss a general case with three RH neutrino flavors. In Section V A, we first consider the case where the light-heavy neutrino mixing is small, and the dominant contribution to 0νββ comes from the purely RH sector. In Section V B, we present a specific TeV-scale seesaw model with large mixing and explicitly show the importance of the η and λ contributions. Our conclusions are given in Section VI.
II. REVIEW OF THE MINIMAL LEFT-RIGHT SYMMETRIC MODEL
For completeness and to set our notations, we review the basic features of the minimal LRSM, based on the gauge group [17] . The quarks and leptons are assigned to the following irreducible representations of the gauge group G 3221 :
where i = 1, 2, 3 is the family index, and the subscripts L, R are associated with the left and right chiral projection operators P L,R = (1 ∓ γ 5 )/2. The electric charge is given by Q = I 3L + I 3R + (B − L)/2, where I 3L and I 3R are the third components of isospin under SU (2) L and SU (2) R respectively. For the scalar sector, we must choose L-R symmetric Higgs multiplets. The first
which couples to the fermion bilinearsQ L Q R andψ L ψ R , and gives masses to quarks and leptons after spontaneous symmetry breaking by its VEV: Φ = diag(κ 1 , κ 2 )/ √ 2. However, since Φ is neutral under B − L, its VEV cannot break the U (1) B−L -symmetry. In the minimal LRSM, the L-R symmetry is broken by an additional pair of SU (2) triplets:
which also give the Majorana mass terms for heavy neutrinos.
The gauge symmetry SU (2) R × U (1) B−L is broken down to the group U (1) Y of the SM by the VEV of the neutral component of
Since this gives masses to the RH gauge bosons W R and Z , the current experimental limits [44] 
which however is required to be small: v L < ∼ 5 GeV due to the ρ-parameter constraints [44] . Finally, the VEV of the Φ field breaks the SM gauge group 
Making use of the gauge symmetry, we can eliminate some of the complex phases in the scalar sector, and treat κ 1 and v R as real, while κ 2 and v L are, in general, complex parameters.
The Yukawa Lagrangian in the lepton sector is given by
where the family indices i, j are summed over, C = iγ 2 γ 0 is the charge conjugation operator, and Φ = τ 2 Φ * τ 2 , with τ 2 being the second Pauli matrix, and γ µ the Dirac matrices. After symmetry breaking, Eq. (6) leads to the following 6 × 6 neutrino mass matrix:
where the 3 × 3 Dirac and Majorana mass matrices are given by
For the hierarchy of VEVs given by Eq. (5), the 3 × 3 light neutrino mass matrix becomes
where The full neutrino mass matrix in Eq. (7) can be diagonalized by a 6 × 6 unitary matrix, as follows:
where
. The unitary matrix V has an exact representation in terms of an arbitrary 3 × 3 matrix ζ [46, 47] :
R to leading order in a converging Taylor series expansion, and U ν , V R are the 3 × 3 unitary matrices diagonalizing the light and heavy neutrino mass matrices M ν and M R :
The order parameter of the light-heavy neutrino mixing is given by the norm ζ = Tr(ζ † ζ) ≡ θ, which also measures the non-unitarity of the light neutrino mixing matrix U . From Eq. (11), we
In the gauge sector, assuming manifest L-R symmetry so that g L = g R ≡ g for the SU (2) gauge couplings, the charged gauge boson mass matrix is given by
with the mass eigenstates
where the W L − W R mixing parameter is defined by
For ξ 1, the gauge boson masses are given by
In what follows, we will assume κ 2 κ 1 , although this is strictly not a phenomenological requirement. In this limit, Eq. (15) can be written as
and hence, ξ is bounded above by (
Experimentally, the electroweak precision data (EWPD) puts an upper bound on ξ < 0.013 [48, 49] , which tightens to ξ < 0.0025 [48] if the CP -violating phases in the mixing matrix for RH quarks are small. 3 As far as the RH gauge bosons are concerned, flavor and CP violating processes in K and B meson mixing provide an absolute lower bound on M W R > ∼ 2.9 TeV [30] . Complementary bounds of similar magnitude were also obtained from direct searches for the same-sign dilepton signal [41] at the LHC [28] . Using these limits, we obtain from Eq. (17), ξ < ∼ 7.7 × 10 −4 .
III. 0νββ IN LRSM
In this section, we briefly discuss the relevant contributions to the 0νββ process in a TeV-scale LRSM with type-I seesaw dominance (for a detailed discussion, see e.g. [23] ).
(a) Light neutrino contribution: This is a purely LH contribution mediated by light Majorana neutrinos, as shown in Figure 1 (a). The corresponding amplitude is given by
where |p| ∼ 100 MeV is the typical momentum transfer at the leptonic vertex, G F is the Fermi coupling constant and m ee ≡ i U 2 ei m i is the effective neutrino mass. The light neutrino contribution by itself can saturate the current experimental limit only in the quasidegenerate region with m i 0.1 eV, which is almost ruled out by the recent Planck data on the sum of light neutrino masses; see [6] for a recent discussion including the updated NME uncertainties.
3 For M R < ∼ 10 MeV, the upper limit derived from supernova data is even more stringent: ξ < 10 −5 [50] .
(b) Heavy neutrino contribution: This is the RH counterpart of the purely LH contribution discussed above, and is shown in Figure 1 (b). In this case, assuming that the heavy neutrino mass scale is larger than the momentum exchange scale, i.e. M 2 i |p| 2 , we obtain
Note that this contribution is independent of the light-heavy neutrino mixing, and hence, the only dominant contribution in the small mixing limit θ → 0, which could saturate the current experimental limit for smaller values of M i .
(c) Light-heavy neutrino mixing contribution: A large light-heavy neutrino mixing can induce an additional contribution due to heavy neutrino exchange with purely LH currents, as shown in Fig. 1 
(c). The amplitude of this process is given by
Note that this contribution is present even in the minimal SM seesaw scenario without the L-R symmetry, and can be large in presence of cancellations in the light neutrino mass matrix [14] . In LRSM, in addition to the process (c), there is an analogous contribution due to light neutrino exchange with purely RH currents; however, this is highly suppressed by a
, as compared to the process (c), and therefore, is not shown in Figure 1 .
All the processes (a)-(c) mentioned above involve final state electrons with the same helicities, 
(e) η contribution: This process depends on the W L -W R mixing parameter ξ, as shown in Figure 1 (e). The amplitude for this process is given by
From Eqs. (21) and (22), we see that both λ and η contributions depend on the same combination of the mixing matrices U and T . Hence, if the λ contribution is large in some region of the model parameter space, the η contribution should also be large for reasonably large values of the gauge boson mixing parameter ξ, and therefore, cannot be neglected in general. Moreover, the ratio of the NMEs corresponding to η and λ diagrams is of O(10 2 ) [38] . Hence, even for a moderately lower value of ξ, the η contribution can be comparable to or larger than the λ contribution.
As we will show below, for larger ξ values close to its current experimental limit of ∼ 10 −3 , the η contribution is indeed the dominant one in a wide range of LRSM parameter space.
Apart from the diagrams shown in Figure 1 , there could be additional contributions to 0νββ
in LRSM due to the Higgs triplets. However, in the type-I seesaw dominance, we assume the lefttriplet VEV to be negligible, which implies the contribution from the diagram mediated by the SU (2) L triplet can be ignored. Moreover, the SU (2) R triplet is required to be heavy to suppress the tree-level LFV process µ − → e − e + e − [25] . We assume this to be the case, and hence, do not consider the triplet contributions in our subsequent analysis.
Combining all the above processes (a)-(e), one obtains the following expression for the half-life of the 0νββ process for a given nuclear isotope:
where G 0ν 01 is the phase space factor and M 0ν X are the relevant NMEs, whose numerical values for 76 Ge and 136 Xe nuclei are given in Table I . The η's are the dimensionless particle physics parameters obtained from the Feynman amplitudes given in Eqs. (18)- (22), as follows:
where m e and m p are the masses of electron and proton, respectively. In Eq. (23), we have included the interference effect between diagrams having final state electrons with the same helicity combination. We have neglected the interference terms between the diagrams with different helicity final state pair, which will be suppressed by the electron mass.
For the phase space factors G 0ν 01 in Eq. (23), we use the recent calculation of [51] for the axialvector coupling g A = 1.25, whereas for the NMEs in Eq. (23), we use the QRPA calculation of [38] . The lower values of the NMEs in Table I are obtained for the case without p-n pairing, whereas the higher values are with p-n pairing. Using these values in Eq. (23), and assuming no interference effects, we derive upper limits on the dimensionless parameters given by Eqs. (24)- (28) from the current 90% CL combined lower limits on the half-lives of 76 Ge and 136 Xe obtained from GERDA-I+Heidelberg-Moscow+IGEX [4] and KamLAND-Zen+EXO-200 [3] , respectively:
The results are shown in Table II , where the range is due to the NME uncertainties.
Comparing the half-life predictions given by Eq. (23) with the current experimental limits given by Eq. (29), we derive constraints on the LRSM model parameter space in the type-I seesaw dominance, as discussed in the following two sections.
IV. A GENERAL ANALYSIS FOR TYPE-I DOMINANCE
In this section, we illustrate the relative magnitudes of the different contributions to 0νββ discussed in Section III for a generic LRSM in the type-I seesaw dominance. For this purpose, we consider a simplified generation-independent scenario parametrized by a single RH neutrino mass scale M R and a single light-heavy neutrino mixing parameter θ in the electron sector, without specifying the full flavor structures of M D and M R . In addition, we assume the RH-neutrino
Nuclear Matrix Elements 
TABLE II: The experimental upper limits on the dimensionless particle physics parameters describing various 0νββ contributions shown in Figure 1 [cf. Eqs. (24)- (28)].
mixing matrix to be the same as the LH-neutrino mixing matrix, i.e., V R = U ν in Eq. (12). For 
Here we have taken the Dirac CP phase to be δ = 1.39 π [52] , and have assumed the Majorana phases in the PMNS matrix to be zero. A similar analysis can be performed for an inverted mass while the dashed horizontal line shows the GERDA-II projected sensitivity [53] .
hierarchy with the corresponding best fit oscillation parameters.
Within the simplified framework described above, we show in Figure 2 For case (i) with M R = 10 GeV (top panels), the RR contribution is the dominant one for small values of mixing, and violates the current GERDA bound [4] (solid horizontal line) for M W R < 4.3
TeV. Hence, we have considered M W R = 4.5 TeV for this case. The RR-dominance in the small-θ region is also reflected in the total contribution (top, right panel), whereas for higher θ values, the η contribution dominates and saturates the current GERDA limit. For case (ii) with M R = 1
TeV and M W R = 3.5 TeV, the RR contribution is much smaller, and cannot saturate the current bound, or even the future projected bound from GERDA-II [53] (horizontal dashed line). The LL contribution can saturate the current limit for |θ| 2 ∼ (6.1 × 10 −8 − 1.1 × 10 −7 ) in case (i) and |θ| 2 ∼ (6.1 × 10 −6 − 1.1 × 10 −5 ) in case (ii). In case (ii), the λ contribution becomes dominant over the RR and LL contribution for |θ| 2 > 10 −8 and |θ| 2 > 10 −9 respectively, and saturates the current bound at |θ| 2 ∼ (1.46 − 6.75) × 10 −6 . However, in both cases (i) and (ii), the η contribution could become dominant over all other contributions for a relatively larger value of ξ ∼ 10 −4 , and could saturate the GERDA limit for a much smaller value of |θ| 2 ∼ 1.42 × 10 −9 . Thus, including the η contribution leads to a much stronger upper limit on the mixing parameter |θ| 2 , as can be seen from Figure 2 (right panels), where we have shown the total contribution, as given by Eq. (23).
The improved upper limit on the active-sterile neutrino mixing is discussed further in the following section.
A. Improved Limit on Light-Heavy Neutrino Mixing
In the simplified framework considered in this section, the relevant mixing matrices in the λ and η amplitudes given by Eqs. (21) and (22) respectively can be expressed in terms of T −θ * U ν , and S θ V R = θU ν . Thus, for a given value of the W R mass and the W L -W R mixing parameter ξ, we can derive constraints in the (M R , θ) parameter space using the experimental lower limits on T 
as shown by the red (blue) dotted lines, derived from the constraints on the 76 Ge ( 136 Xe) half-life.
Here we have not shown the NME uncertainties for brevity. In the presence of a low-scale L-R symmetry, the additional λ and η contributions given by Eqs. (21) and (22) which also depend on the active-sterile mixing parameter, lead to a stronger constraint on |θ| 2 . Note that both λ and η amplitudes are independent of the RH neutrino mass M R , and hence, for larger M R masses where the LL contribution (20) diminishes, the combined limit derived from including the λ and η contributions will be independent of M R , as shown in Figure 3 . For larger values of the LH-RH gauge boson mixing ξ, the η-contribution becomes dominant, as already shown in Figure 2 , and therefore, the limit on |θ| 2 will be dominantly governed by this term:
Thus, the upper limit on |θ| 2 becomes more stringent for larger values of ξ, as can be seen from There are complementary constraints on the (M R , θ) parameter space coming from LFV observables which also receive additional contributions in the LRSM (for detailed studies, see e.g. [23, 54] ). In Figure 3 , we show the constraint from the LFV process µ → eγ (green shaded region) in our simplified scenario assuming that the mixings in the muon sector are same as those in the electron sector. These limits were derived by comparing the MEG limit on BR(µ → eγ) < 5.7 × 10
at 90% CL [55] with the theoretical prediction
where m µ and Γ µ are respectively the mass and width of the muon, s w ≡ sin θ w is the weak mixing parameter and α w ≡ g 2 /4π is the weak coupling strength. The form factors G γ L,R are given by [23] where
, and the loop functions G γ 1,2 (x) are defined as
From the last two terms on the RHS of Eqs. (34) and (35), we see that for relatively large values of the mixing parameters θ and ξ, the LFV rate BR(µ → eγ) increases with M R , and therefore, the LFV bound becomes stronger for larger M R values, as depicted in Figure 3 . In this sense, the 0νββ and LFV constraints in the large mixing regime of LRSM are truly complementary to each other. However, it is interesting to observe that within the simplified framework considered here, The region between the solid and dashed slanted lines corresponds to the NME uncertainties.
The horizontal line shows the current limit on |ξ| from the lower limit on M W R , and the vertical line shows the indirect limit on the active-sterile mixing in the electron sector from EWPD. the µ → eγ rate depends on the combination i U µi U ei , as appearing in the last two terms on the RHS of Eqs. (34) and (35), which vanishes for the Dirac CP phase δ = nπ (with n = 0, 1, 2, · · ·), irrespective of the light neutrino mass hierarchy. In these cases, there is no µ → eγ LFV constraint in Figure 3 . On the other hand, the λ and η contributions depend on the combination i U ei T * ei which is independent of the PMNS parameters in our case, and hence, the 0νββ constraints shown in Figure 3 are more robust.
Apart from the LFV constraints, there exist other constraints on the (M R , θ) parameter space from direct and indirect searches for heavy neutrinos. Some of these complementary constraints, namely the DELPHI limit on Z-decays [56] (brown shaded) and the indirect limit from EWPD [57] (orange shaded) are also shown in Figure 3 for comparison with the 0νββ constraints derived here.
The other existing limits from direct searches at LEP [58] and at the LHC [59] as well as from low-energy observables [60] are all weaker than the limits shown here.
B. Improved Limit on the Gauge Boson Mixing
In the limit when the η-contribution by itself saturates the current 0νββ bound, we can derive exclusion regions in the (θ, ξ) mixing plane using Eq. (32) . This is shown in Figure 4 where the red (blue) shaded region is excluded from the 0νββ half-life limits from GERDA (KamLANDZen), independent of the other model parameters. The dashed lines correspond to the NME uncertainties. For comparison, the current limit on |ξ| derived from the lower limit on M W R > 2.9
TeV [30] is also shown. The vertical line shows the indirect limit on the active-sterile mixing in the electron sector from EWPD [57] . It is clear that the η-contribution to 0νββ provides a significantly improved limit on the mixing parameters in certain regions of the LRSM parameter space.
It should be noted here that a large value of ξ might also lead to a significantly enhanced electric dipole moment (EDM) of charged leptons through the W L -W R mixing diagram at oneloop level [61] :
where the function G γ 2 (x) is defined in Eq. (37) . In particular, the recent ACME upper limit on the electron EDM d e < 8.7 × 10 −29 e cm at 90% CL [62] , requires an extremely small value of ξ for a TeV-scale LRSM, unless Im[ξM Dee ] 1. In the simplified analysis presented in this section, all the quantities in Eq. (38) were assumed to be real, and therefore, relatively large values of ξ as shown in Figures 3 and 4 are still consistent with the EDM constraints. In Section V B, we will consider a specific model, where the model predictions for the electron EDM turn out to be very close to the current upper limit for relatively large values of mixing.
V. ANALYSIS WITH SPECIFIC FLAVOR STRUCTURES
In this section we extend the general analysis of the previous section to the case of three RH neutrinos by considering some specific flavor structures which satisfy the light neutrino oscillation data in the type-I seesaw dominance. We will consider two scenarios, depending on whether the active-sterile neutrino mixing parameters governing the contributions shown by Figure 1 (c) - (e) are small or large.
A. With Small Mixing
In the canonical type-I seesaw limit, where the active-sterile mixing parameters θ ∼ M D M −1 R are small, the dominant new contribution to 0νββ in the LRSM comes from purely RH currents as shown in Figure 1(b) . In this case, Eq. (23) simplifies to [22] 1
where |m 
with
ν denoting the virtuality of the exchanged neutrino. Note that Eq. (40) is valid only in the heavy neutrino limit:
2 which is implicitly assumed here.
In order to establish a simple relation between the active and sterile neutrino mass eigenvalues,
we consider a specific case with U = V in Eq. (11) and U T h D U = 1 for the Yukawa couplings in Eq. (9) . In this simplified case, diagonalizing both sides of Eq. (9), we obtain
or, m i ∝ 1/M i , i.e. the light neutrino mass eigenvalues are inversely proportional to the heavy neutrino masses [22] . Thus, for a normal hierarchy (NH) with m 1 as the smallest, we have M 1
as the largest, and the other two heavy neutrino masses can be expressed in terms of M 1 as 
where 
Using Eqs. (42) and (43) Figure 5 is in accordance with the above. We have considered the variation of the three-neutrino oscillation parameters in their 3σ range of a recent global fit [52] , and the Majorana phases are varied between 0 and π. We also include the updated NME uncertainties [63] (29) shown by the solid horizontal lines, and the projected sensitivities [53, 64] shown by the dashed horizontal lines. Also shown are the current upper limit on the lightest neutrino mass, as derived from the 95% CL bounds on the sum of light neutrino masses in the quasi-degenerate (QD) regime [7] : i m i < 0.23 eV (Planck1) from the Planck+WMAP low-multipole polarization+high resolution CMB+baryon acoustic oscillation (BAO) data and assuming a standard ΛCDM model of cosmology, whereas the dashed vertical line shows the limit without the BAO data set: i m i < 0.66 eV (Planck2). Two important points can be inferred from Figure 5 : (i) The quasi-degenerate region in which the current experimental limit can be saturated by the light neutrino contribution alone is almost ruled out from the Planck data, thereby requiring an additional contribution in case a positive 0νββ signal is detected in near future.
(ii) Including the purely RH contribution within the simplified framework adopted here, we obtain an absolute lower limit on the lightest neutrino mass, similar to that obtained in the type-II seesaw dominance [6] . and EXO-1000 [64] projected sensitivities.
B. Large mixing
In this section, we study a specific case of TeV-scale LRSM scenario with large light-heavy neutrino mixing, thus extending our general analysis of Section. IV to the three generation case, to explicitly demonstrate the importance of the λ and η diagrams. We consider the following Dirac and Majorana mass matrices:
For this specific texture of M D and M R , 4 the different contributions to 0νββ, as listed in Eqs. (24)- (28) become
Note that the purely RH current contribution is identically zero for the M R texture given by Eq. (44) . Also, the η and λ contributions depend on the parameter m e2 , while the LL contributions
depend on the combination m e1 m e2 . Hence, a dominant η and λ contribution is possible to obtain in the limit m e2 m e1 .
For the choice of M D and M R given in Eq. 44, the light neutrino mass matrix in the type-I seesaw dominance has the following form:
It is evident from the above structure that, all the light neutrino masses vanish in the limit when either m e1 → 0 or m e2 → 0. Thus, even in the presence of a hierarchy m e2 m e1 , a light neutrino mass matrix consistent with the oscillation data can be obtained. To see this in a simple way, we recast the Dirac mass matrix in terms of the Casas-Ibarra parametrization [67] :
The matrix V R diagonalizing the Majorana mass matrix M R in Eq. (44) with real positive mass eigenvalues M i has the following form:
As the third RH neutrino with mass M 33 M 12 is decoupled, this scenario is essentially same as the two degenerate RH neutrino case with mass M R .
Let us take the orthogonal matrix R in Eq. (51) to be of the following form:
where z is a complex parameter. For illustrative purpose, we choose a NH mass spectrum with (51) can now be written as We find that increasing Im(z) will result in an increase in |m e2 | and a decrease in |m e1 |, as required to enhance the large mixing effects due to λ and η contributions to 0νββ. Note that a small m e1
is also desirable to have, especially for large ξ values, in order to satisfy the stringent upper limit on electron EDM [cf. Eq. (38)].
Assuming a large Im(z) and the hierarchy m l2 m l1 , the Dirac mass matrix given by Eq. (44) can be rewritten as
with a i i . In the limit i → 0, the light neutrino masses identically vanish at tree-level, whereas the light-heavy neutrino mixing governed by a i can still be large. A natural embedding of this kind of texture in LRSM with an appropriate family symmetry is discussed in [35] , where the i 's can be treated as small perturbations from their symmetric limit i → 0. Observe that in the symmetric limit, all the 0νββ amplitudes vanish, except the λ and η terms [cf. Eqs. (48) and (49)]. For our specific scenario, we show the different contributions to 0νββ in Fig. 7 as a function The ratio of the half-lives corresponding to the η and λ contributions is given by
Thus, for larger ξ values, the η contribution will be dominant, and can indeed saturate the present experimental limit. In Figure 7 , we show two benchmark points in the LRSM parameter space with (i) ξ = 10 −4 , M 12 = 10 GeV (upper panel) and (ii) ξ = 10 −6 and M 12 = 1 TeV (lower panel), while M W R = 3.5 TeV in both cases. We use the lower values of NMEs given in Table. I and M ν = 4.75 . For case (i), the η contribution can saturate the present limit of 0νββ for Im(z)=6.64. This predicts an LFV rate BR(µ → eγ) = 1.24 × 10 −14 , which is still compatible with the current MEG limit, and could be probed with the upgraded MEG sensitivity [68] . The predictions for other LFV rates, such as BR(τ → eγ) ∼ 10 −22 and BR(τ → µγ) ∼ 10 −15 , are extremely small to be observable in near future. For case (ii) with a higher mass M 12 = 1 TeV, the LFV constraint is more stringent, and it is not possible to saturate the current 0νββ bound with the η contribution. However, in this case, the λ contribution can be dominant and both the λ and total contribution can reach the projected sensitivity of GERDA phase-II [53] , while being marginally consistent with the current MEG limit.
Finally, we note that, due to the smallness of m e1 in our model [cf. Eq. (56) [62] . Similar results obtained for case (ii). Moreover, the exact prediction for d e will depend on the possible additional phases of ξ and V in Eq. (38) , without significantly affecting the 0νββ and LFV results, and hence, it is difficult to rule out this model solely based on the EDM constraints.
VI. CONCLUSION
We have studied the predictions for the lepton number violating process of neutrinoless double beta decay (0νββ) within the framework of a TeV scale Left-Right symmetric theory assuming type-I seesaw dominance. In this scenario, there exist several additional contributions to the 0νββ process, which depend on the light-heavy neutrino mixing and/or the W L − W R gauge boson mixing. In the canonical type-I seesaw, the light-heavy neutrino mixing is severely constrained by the light neutrino mass constraint. In this case, the dominant additional contribution to 0νββ comes from the purely RH sector. However, the seesaw constraints on the mixing can be circumvented in presence of cancellations in the light neutrino mass matrix. This can be manifestly seen with specific textures of the Dirac and Majorana mass matrices, which could, in principle, be motivated by some symmetry. In this class of LRSM scenarios, the momentum-dependent contributions to 0νββ involving final state electrons with opposite helicities, i.e. the so-called λ and η contributions, could be significant. This is the main result of this paper.
To illustrate the large mixing effects on 0νββ, we have first considered a simplified scenario (cf.
Section IV) with a single heavy-neutrino mass scale and a common light-heavy neutrino mixing in the electron sector. We derive upper limits on this mixing parameter from the current experimental constraints on the 0νββ half-life. The main important point coming out of this analysis is that the η contribution, which depends on the W L − W R mixing ξ and the light-heavy neutrino mixing θ, could be dominant over other contributions in a wide range of the LRSM parameter space.
This leads to stringent upper bounds on the mixing parameters θ and ξ, independent of the heavy neutrino mass. The improved upper limit on the light-heavy neutrino mixing is complementary to that obtained from LFV observables such as the µ → eγ decay rate.
Subsequently, we discuss a concrete TeV-scale LRSM with manifestly large mixing effects to demonstrate their importance for the 0νββ predictions. We show that for specific textures of the Dirac and Majorana mass matrices, the λ and η contributions could give the dominant contribution to 0νββ amplitude, while satisfying the light neutrino oscillation data. We consider two benchmark points to show the interplay between the 0νββ and LFV constraints, and find that in certain cases, the η contribution could saturate the current experimental limit, while being consistent with LFV as well as EDM constraints.
